The octant of the atmospheric mixing angle θ 23 is still undetermined by neutrino oscillation experiments. Long-baseline experiments like NOνA, T2K and DUNE offer good prospects for determining the octant of θ 23 . However, their capability to do so may be compromised by the possible presence of non-unitarity in the leptonic mixing matrix. In this paper, we study in detail the octant degeneracy with and without non-unitarity at the level of oscillation probabilities and events for these experiments. We also analyze their octant sensitivity and discovery reach and show that they are hampered in the presence of non-unitarity.
I. INTRODUCTION
Over the past two decades, there have been dramatic advances in the neutrino sector and the neutrino oscillation experiments are constantly focusing on the precise determination of a) the neutrino mass-squared differences, ∆m 2 ij = m 2 i −m 2 j , and b) the mixing angles θ ij along with the attendant CP phase δ cp , which constitute the PMNS 1 mixing matrix U αi , with i, j = 1, 2, 3 where, i = j and α = e, µ, τ . Although significant success has been achieved towards the precise measurements of the mixing angles, the CP phase δ cp is yet almost completely unknown. Of the three mixing angles, θ 12 , θ 13 and θ 23 governing the oscillation amplitudes, θ 12 and θ 13 are measured precisely. But the confusion related to the atmospheric mixing angle θ 23 is still present and recent results from the NOνA collaboration have intensified the doubt regarding the non-maximality of θ 23 [4] . If θ 23 is non-maximal, then θ 23 is either < 45 0 or > 45 0 . Octant degeneracy [5] is the incapability of an experiment to distinguish between θ 23 and (π/2 − θ 23 ) as the P µµ neutrino oscillation probability has the same value for θ 23 and (π/2 − θ 23 ). This is known as the intrinsic octant degeneracy. The leading order terms in this channel are dependent on sin 2 2θ 23 . The disappearance data through its sensitivity to sin 2 2θ 23 can provide stringent constraints. Hence this channel is considered the best for testing the maximality of θ 23 . The octant sensitivity in LBL experiments dominantly comes from the ν e appearance channel. Here, the leading order terms depend on the combination of sin 2 2θ 13 sin 2 θ 23 . With the precise measurements of θ 13 [6] [7] [8] , it is possible to get enhanced octant sensitivity from this channel [9] [10] [11] [12] [13] . So the combination of both these channels helps in resolving the octant degeneracy. Octant sensitivity has been studied explicitly in the context of different experiments [14] [15] [16] [17] [18] .
There are several issues which could be indicative of underlying new physics (For a discussion see [19] ). The discovery of neutrino mass itself points to the need of physics beyond the Standard Model. If such new physics is real, then it could affect the interpretation as well as the measured sensitivities of these long baseline experiments. Non-unitarity (NU) in the leptonic mixing matrix is one of the possible departures from the three-neutrino scenario.
It can occur due to the induction of neutrino mass through the type-I seesaw mechanism.
With such fermionic singlets, the SM neutrinos mix and the full leptonic mixing matrix gets enlarged. But if the new fermionc singlet is heavier than the energy of the experiment, then only the light states propagate and in such a scenario, the 3 × 3 leptonic mixing matrix, which is a sub-matrix of the full unitary leptonic mixing matrix, is no more unitary [20] [21] [22] [23] [24] .
In the presence of such a heavy neutral lepton, the sensitivity of these experiments will get affected. So it is important to revisit the capabilities of the long baseline experiments like
NOνA [25] , T2K [26] , DUNE [27, 28] , LBNO [29] and T2HK [30] etc in the presence of such new physics. The possible presence of new physics can give rise to new CP phases and these phases mimic the leptonic CP phase. This may lead to further degeneracies. In [31, 32] , the degeneracy was presented at the probability level, and in [33] , the authors had provided the solution to resolve this degeneracy. Recently, CP violation as well as the mass hierarchy sensitivity have been studied in the presence of NU [34, 35] in long baseline experiments.
Some direct and indirect methods to test the unitarity of the PMNS matrix was studied in [36] . Octant degeneracy in the presence of a light sterile neutrino has been studied in [37] .
The extra neutrino considered in [37] is light enough to be produced in the neutrino beam and hence the octant degeneracy is studied considering the 4 × 4 unitary leptonic mixing matrix.
In the present work, we focus on the effect of NU on the measurements of the octant of θ 23 at long-baseline experiments -NOνA, T2K and DUNE. We probe the octant sensitivity of DUNE and NOνA + T2K in the presence of such a heavy neutral lepton (HNL) called 'Sterile' or 'right-handed' neutrino. This work is different from [37] in the sense that the extra neutrinos are too heavy to be produced in the neutrino beam, and hence the effective 3 × 3 mixing matrix will be non-unitary and we study the octant sensitivity under the assumption of a non-unitary leptonic mixing matrix. The most general structure of the parametrization adopted in this work starts with [38] and the symmetrical parametrization technique can be found in [39] . With the help of bi-event plots, we study the octant degeneracy in the presence of NU. We depict how the octant sensitivity changes with baseline in presence of NU.
The paper is organized as follows: in Section II we discuss the oscillation probabilities P (ν µ → ν e ) and P (ν µ → ν µ ) relevant to the experiments, explaining the parametrization adopted. We also outline the constraints as well as the true values of the simulation parameters in this section. In Section III, we discuss the octant degeneracy in the presence of NU with the help of bi-event plots. In section IV, we present our octant sensitivity results in terms of sensitivity and discovery plots. We conclude with a discussion of the results in Section V.
II. THEORY
In the presence of a Neutral Heavy Lepton, the 3 × 3 neutino mixing matrix is no longer unitary and gets modified as
where U is the 3 × 3 PMNS matrix. N N P is a left triangular matrix and can be written as [23] 
Due to this structure of the pre factor matrix, there remain only four extra parameters which affect the neutrino oscillations -the real parameters α 11 and α 22 , one complex parameter |α 21 | and the phase associated with |α 21 |. In the presence of the non unitary mixing matrix, the electron neutrino appearance probability changes in vacuum, as explained in [23] . P µe in terms of these new parameters can be written as (neglecting cubic products of 
where P
3×3
µe is the standard three flavor neutrino oscillation probability and P I µe is the oscillation probability containing the extra phase that appears due to the non unitary nature of the mixing matrix. P I µe in the above expression can be written as :
where,
I 123 = −δ cp and φ N P is the new phase associated with α 21 such that φ N P = φ 21 = Arg(α 21 ).
Again the survival probability P µµ in terms of these NU parameters can be written as:
Where P
µµ is the the standard oscillation formula in vacuum. The extra terms P I 1 µµ and P I 2 µµ in the oscillation probability are given by:
From Eq. (3) and (5), it is observed that in the presence of a heavy fermionic singlet, both appearance and disappearance measurements are heavily dependent on the new parameters.
In particular, the interplay between the new phase associated with |α 21 | and the standard δ cp for some non zero values of |α 21 | affects the octant sensitivity in these experiments.
The intrinsic octant degeneracy, in which the probability is a function of sin 2 2θ 23 , is defined as
If there is a sin 2 θ 23 or cos 2 θ 23 in the oscillation probability,
However, this inequality in probabilities can change to an equality and lead to a persisting octant degeneracy for different values of θ 13 and δ cp in the standard 3ν case, i.e.
Here, θ tr 23 is the true value of the mixing angle and all other primed and unprimed parameters lie within their 3σ allowed ranges. In the presence of NU, as seen from Eq. (4) and (6), there are sine and cosine terms where both the phases δ cp and φ N P appear together. So these interference terms change the overall probability appreciably. Since, in the presence of NU, the oscillation probability is not only a function of δ cp but also the new phase, we can write the above degeneracy equation as:
Where θ wrong 23
is the value of the atmospheric mixing angle in the opposite octant. The above expression depicts that the octant degeneracy is further complicated by the presence of the NU phase and its interplay with the standard CP phase in the oscillation probability.
A. Simulation Details
This analysis is carried out with realistic simulations of all the three experiments using we marginalise over δ cp and θ 13 in their 3σ allowed ranges.
The constraints related to the non unitarity parameters can be found in [23, 24, 44, 45] .
Strong bounds on the diagonal NU parameters can be obtained from universality constraints which in turn give additional restrictions on the off diagonal NU parameters [44, 45] . We note that such bounds are derived considering the charged current induced processes with the assumption that there is no new physics other than the non-unitarity mixing coming from type I see-saw. In the presence of other new physics e.g. right-handed interactions or neutrino-scalar Yukawa interactions in type II see-saw, these bounds are no longer valid.
On the other-hand, the neutrino experiments namely NOMAD [46] and CHORUS [47, 48] , provide direct restrictions on the off diagonal NU parameters which, while less stringent, are model-independent. In this study, we do not pursue the approach which would use the tighter, but model-dependent bounds in [44, 45] , but instead, use the model-independent constraints from neutrino experiments [23] .
The bounds that we use in this work are: α In this work, we have studied the octant degeneracy as well as the sensitivity of three long baseline experiments-T2K (Tokai to Kamioka), NOνA (The NuMI 2 Off-axis ν e Appearance experiment) and DUNE (Deep Underground Neutrino Experiment) in the presence of NU.
The main goal of T2K is to observe ν µ → ν e oscillations and to measure θ 13 and leptonic CP violation [49] while NOνA can measure the octant of θ 23 , the neutrino mass hierarchy, θ 13 and leptonic CP violation. DUNE, with its 1300 km baseline, can address all these issues with a higher degree of precision. In our recent work [34, 35] , we have studied the CP violation sensitivity as well as the mass hierarchy sensitivity of these experiments in the presence of NU. We have specified all the experimental and simulation details in [34] , and will be using the same information for this work also.
III. OCTANT DEGENERACY WITH NU
For a realistic analysis, we consider the bi-event plots between the energy integrated total number of neutrino and anti-neutrino events (FIG 1) for the three experiments. We consider equal ν andν runs of 5 years each for DUNE. Both for T2K and NOνA, we consider 3 years of ν and 3 years ofν data. in the total events plot for DUNE, it lies in the overlapping region between the gray (HO-NH) and the cyan (LO-NH) band, and hence it is not possible to determine whether the co-ordinate belongs to the cyan band or the gray band. Similarly, the co-ordinate (600, 500) is commonly shared by both the green (HO-IH) and the dark red (LO-IH) band. Hence in both the hierarchies, we cannot pin point the exact octant in the overlapping region. NOνA and T2K also show similar behaviour. The standard 3ν ellipses are well separated for the two octants like the bi-probability plots. But, with the new physics scenario, overlapping is more significant.
• In all the three experiments, it is observed that almost 50% of the standard ellipse corresponding to HO is a part of the NU induced band of ellipses in the LO. i.e. the co-ordinate (1500, 300) in the case of DUNE is not only a part of the standard HO-NH ellipse, but also a part of both the gray and cyan bands. Similarly the point (700, 500) is common to the HO-IH standard ellipse as well as to both the green and the dark red bands. Hence in presence of NU, a) there is a degeneracy not only between the standard HO and the NU induced HO in a particular hierarchy, but also between the standard HO and the NU induced LO in the same hierarchy. Similar behaviour can be observed for T2K and NOνA also. But in DUNE, this is not true in the case of standard LO which is degenerate with the NU induced LO only. In T2K and NOνA, there is a slight degeneracy between the standard LO and the NU induced HO.
From the above points, we observe that in the presence of NU, all the experiments under consideration suffer from the octant degeneracy irrespective of the hierarchy. In the next section we depict the octant sensitivity of these experiments in the presence of NU.
IV. SENSITIVITY STUDIES A. Statistical Details and χ 2 Analysis
The results presented in this section is based on a χ 2 analysis where we have calculated ∆χ 2 by comparing the predicted spectra for the alternate hypothesis. We define the statistical χ 2 as:
In the above expression, N j,k true and N j,k test are the events corresponding to data and fit in the j th bin. For neutrinos and anti-neutrinos, k equals to 1 and 2 respectively. Other statistical details can be found in [34] .
To study the octant sensitivity, we vary true θ 23 in the LO (HO) and test the HO (LO) in the 'fit'. All other true values of the three flavor oscillation parameters are fixed at their best fit values. For the standard 3ν case, we marginalise over δ cp and θ 13 in their 3σ allowed ranges. Since the octant measurement is strongly dependent on sin 2 2θ 13 , we add priors on sin 2 2θ 13 (σ = 5%) and calculate the minimised χ 2 (i.e. χ 2 min ) for each true θ 23 and true δ cp in its 3σ allowed range. In the non unitary case, in addition to δ cp and θ 13 , we marginalise over all the three new parameters and the new phase in their allowed ranges. We add the prior to the χ 2 and then calculate the minimised χ 2 . For each true θ 23 , we show the maximum and the minimum of χ 2 min which is obtained corresponding to a variation of δ cp in the standard case and the variation of δ cp and new phase φ N P in the NU case, depicting it as a band. In all cases, we also marginalise over the systematic uncertainties.
B. Octant Sensitivity
In this section we present the octant sensitivity results with NU. In FIG. 2 we show the results for DUNE and NOνA + T2K in both the hierarchies for two cases: a) when all the NU parameters are non zero (gray band), b) when there is no new phase i.e. NU contribution is due to the absolute parameters only (blue band). The light green band corresponds to the standard octant sensitivity of these experiments and the width of the band is due to the true variation of δ cp in its full 3σ range. The gray band shows the effect of NU and hence the width of the band is due to the variation of both true δ cp and φ 21 in [−π, π] for each true θ 23 . The width of the light blue band is only because of true δ cp in its 3σ range as this is a special case where the new phase φ 21 is zero in true case. To utilize the full potential of these experiments, we have combined both ν e appearance and ν µ disappearance channels both in ν andν mode. We make the following observations from these plots: • If the new physics phase is zero (only in true case, we still marginalise over φ 21 in 'fit'), then the octant sensitivity changes slightly and the band corresponding to true δ cp is now a subset of the gray band. But still the sensitivity is less than the standard 3ν
case.
• In the lower panel of FIG. 2 , we show the octant sensitivity of NOνA + T2K. We observe that the octant sensitivity in the standard 3ν case is less compared to DUNE and only for a small fraction of true δ cp , they can resolve the octant ambiguity at 4σ C.L.. In the presence of NU, the sensitivity further decreases. In the LO, there is a significant overlapping between the standard and the NU induced case for some true values of θ 23 in both the hierarchies. But the NU induced sensitivity never exceeds the standard sensitivity.
• We observe that for some true values of θ 23 in the LO, there is overlapping between the two scenarios. The overlapping is significant in the case of NOνA + T2K in both the hierarchies. So in the overlapping region, these experiments cannot tell if the sensitivity is due to a standard value of δ cp or for some combination of δ cp and φ 21 in the NU framework. Hence the results may be misinterpreted. In the HO, the bands corresponding to standard 3ν case and the NU case are well separated in both the hierarchies.
From the above analysis, it is clear that, due to NU of the leptonic mixing matrix, the capability of the long baseline experiments to resolve octant degeneracy will get hampered.
The octant sensitivity decreases as the number of parameters to be marginalised in the 'fit' increases with NU. 
C. Octant Discovery
In this section, we show the octant discovery potential i. In the standard case, we marginalise over δ cp and θ 13 in their allowed 3σ ranges and priors are added as explained in the previous section. In the presence of NU, we marginalise over all the new parameters in the 'fit' in addition to the standard parameters. Here in the plots, we show the maximum and minimum of the minimised χ 2 for each true δ cp , which is obtained by varying true φ 21 from -π to π. In FIG. 3 In the combined case i.e. in NOνA+T2K, presence of NU decreases the octant discovery potential in both the hierarchies. In standard 3ν case, it is almost possible to disfavor the wrong octant for all true δ cp at 2σ C.L. for a given octant in both the hierarchies. But, in presence of NU, if LO is the true octant, then only for some combinations of δ cp and φ 21 , it is possible to disfavor the wrong octant at 2σ in both hierarchies. For true HO, situation is more worsen.
V. CONCLUSIONS
The octant sensitivity of the long-baseline experiments NOνA, T2K and DUNE in the presence of NU has been studied in this work. The main conclusions are as follows:
• If there is a light/heavy sterile neutrino, it will hamper the sensitivity measurements at these long baseline experiments [50] . Here, we have observed that in the presence of NU, DUNE also undergoes octant degeneracy for both the hierarchies. From the by-event plots it is clear that if the hierarchy is known and leptonic mixing matrix is unitary, then all the three experiments can resolve the octant degeneracy. But, if the leptonic mixing matrix is non unitary, then these experiments cannot resolve the octant degeneracy.
• If NU is there, then there will be an additional phase associated with the parameter |α 21 |. As seen from the bi-event plots, due to the degeneracy between the standard ellipse and the NU induced band in a particular octant, it is not possible to determine whether an event corresponding to that octant is a standard 3ν event or a NU induced event.
• In the presence of NU, there is more than 50% probability that the standard measurements of HO in any hierarchy will be affected by the NU induced LO measurements.
But the inverse is not true at very long baseline experiments like DUNE. In NOνA and T2K, there is a slight degeneracy between the standard LO and the NU induced HO.
• In the NU framework, the octant sensitivity of all the experiments decreases in both the hierarchies. In DUNE, the sensitivity in the presence of NU is good enough to resolve the octant degeneracy with a higher precision, but there is some degeneracy between the standard and the NU framework for some true values of θ 23 . The overlapping is more prominent in case of NOνA + T2K. In the overlapping region, it is not possible to pinpoint if the sensitivity is due to some standard δ cp or due to some combination of δ cp and φ 21 .
• The octant discovery potential of these experiments also gets hampered in the presence of NU. With NU, DUNE can still manage to exclude the wrong octant with a high degree of precision. But in the case of NOνA + T2K, the scenario is very poor and they fail to show even a 2σ discovery potential, especially in the case of true HO.
• Since recently the error on θ 13 has been reduced to about 3% by reactor experiments, we have checked our results for the octant sensitivity with a prior of 3% on θ 13 . It is found that the effect of changing the θ 13 prior from 5% to 3% has a minimal effect on the octant sensitivity with NU, but in the standard 3-flavor case the effect is noticeable. This is because in the case of NU, the marginalisation is performed over many parameters in the fit, which minimizes the effect of priors. But in the standard case, since the marginalisation is over θ 13 and θ 23 only, the effect of the priors on θ 13 and θ 23 is significant. For this reason, our octant sensitivity results with NU are not significantly affected by the improved precision on θ 13 .
